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This Letter presents a search for the production of new heavy resonances decaying into a Higgs boson
and a photon using proton-proton collision data at
ffiffi
s
p ¼ 13 TeV collected by the ATLAS detector at the
LHC. The data correspond to an integrated luminosity of 139 fb−1. The analysis is performed by
reconstructing hadronically decaying Higgs boson ðH → bb̄Þ candidates as single large-radius jets. A
novel algorithm using information about the jet constituents in the center-of-mass frame of the jet is
implemented to identify the two b quarks in the single jet. No significant excess of events is observed above
the expected background. Upper limits are set on the production cross-section times branching fraction for
narrow spin-1 resonances decaying into a Higgs boson and a photon in the resonance mass range from 0.7
to 4 TeV, cross-section times branching fractions are excluded between 11.6 fb and 0.11 fb at a
95% confidence level.
DOI: 10.1103/PhysRevLett.125.251802
Many extensions to the standard model, such as tech-
nicolor [1], little Higgs [2], or a more complex Higgs sector
[3], predict new massive bosons. Some of these bosons may
decay into a Higgs boson and a photon at the one-loop level
[4]. Searches for such particles have been carried out by
both the ATLAS [5] and CMS [6] Collaborations at the
Large Hadron Collider (LHC).
This Letter reports on a generic search for a narrow,
neutral, spin-1 boson (Z0) that decays into a photon and a
Higgs boson. The Higgs boson subsequently decays
hadronically as H → bb̄, where the hadronic products
from both b quarks are reconstructed as a single large-
radius jet. The analysis uses data from
ffiffi
s
p ¼ 13 TeV
proton-proton (pp) collisions that were recorded by the
ATLAS detector from 2015 to 2018 with a single-photon
trigger [7], corresponding to an integrated luminosity of
139 fb−1. The single-photon trigger uses loose photon
identification requirements based on calorimetric shower-
shape variables [8] and imposes a transverse momentum
threshold of 140 GeV. It is fully efficient for events passing
the offline analysis selection. The search identifies the two
b quarks in the single jet by using a novel methodology
based on information about the jet constituents calculated
in the center-of-mass frame of the jet. This technique
significantly improves the search sensitivity compared to
the previous ATLAS [5] and CMS [6] analyses, in addition
to the gains from the larger data sample.
The ATLAS detector [9,10] is a general-purpose particle
detector with a cylindrical geometry[11]. It consists of an
inner detector surrounded by a superconducting solenoid
that produces a 2 T magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer with a
toroidal magnetic field. The inner detector provides
precision tracking of charged particles with pseudo-
rapidity jηj < 2.5. The calorimeter system covers the
pseudorapidity range jηj < 4.9. It comprises sampling
calorimeters with either liquid argon or scintillator tiles
as the active medium. A two-level trigger system accepts
events from the 40 MHz bunch crossings at a rate of 1 kHz
for off-line analysis.
Monte Carlo (MC) simulated events are used to optimize
the event selection and to help validate the analysis. The
signal samples, with decays of Z0 → Hγ at the one-loop
level [4], were generated for eight different mass points in a
range from 700 to 4000 GeV via quark-antiquark annihi-
lation, qq̄ → Z0 → Hγ, using the MADGRAPH leading-order
(LO) v2.6.2 generator [12] interfaced to PYTHIA8.235 [13]
with the NNPDF23LO parton distribution functions (PDFs)
[14] for both generators and the A14 set of tuned para-
meters [15] for the underlying event. The total decay widths
of the Z0 resonances were set to 4.2 MeV, which is much
smaller than the experimental mass resolution, which varies
from around 35 GeV at the 700 GeV signal mass point to
150 GeVat the 4000 GeV signal mass point. The dominant
SM background arises from events with prompt photons
produced in association with jets (γ þ jets). Less dominant
SM backgrounds include a prompt photon produced in
association with a W=Z boson (W=Z þ γ) or a top-antitop
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quark pair (tt̄þ γ). The MC sample of γ þ jets events was
simulated using the SHERPA2.2.2 generator [16] with up to
two additional parton emissions at next-to-leading-order
(NLO) accuracy and up to four additional partons at LO
accuracy using Comix [17] and OpenLoops [18]. The events
were then merged with the SHERPA parton shower [19]
using the MEþ PS@NLO prescription [20]. Samples are
generated using the NNPDF3.0nnlo PDF set [21], along
with the dedicated set of tuned parton-shower parameters
developed by the SHERPA authors. The W=Z þ γ events
were modeled with SHERPA2.1.1 at LO with the CT10 PDFs
[22] for both generators and the underlying event. The tt̄þ
γ events were simulated using MADGRAPH5_aMC@NLO
v2.2.3 at LO with the CTEQ6L1 PDFs [23], then interfaced
to PYTHIA8.186 with the A14 parameter tune and the
NNPDF23LO PDFs. In the signal samples and tt̄þ γ
background sample, EVTGEN [24] was used to model charm
and b-hadron decays. The effect of multiple pp interactions
in the same and neighboring bunch crossings (pileup) is
included by overlaying minimum-bias events simulated
with PYTHIA8.186 on each event of interest in all samples.
The generated samples were processed through a GEANT4-
based detector simulation [25,26] and the same ATLAS
reconstruction software as the data.
An event is selected if it contains a H → bb̄ candidate
and at least one isolated photon that satisfies the “tight”
identification criteria [27,28]. A selected photon must have
transverse momentum (pT) greater than 200 GeV and be
within the calorimeter barrel region jηj < 1.37. Each
H → bb̄ candidate is reconstructed as a single jet using
the anti-kt algorithm [29,30] with a large radius parameter
(R ¼ 1.0), hereafter referred to as a large-R jet (J). The
large-R jets are formed from topological energy clusters
(topoclusters) [31] in the calorimeter and are trimmed [32]
to mitigate the effects of pileup and soft radiation. The
large-R jet constituents are reclustered into subjets using
the kt algorithm [33] with R ¼ 0.2, and the subjets that
carry less than 5% of the pT of the original large-R jet are
removed. To overcome the limited angular resolution of the
calorimeter, the mass of a large-R jet (mJ) is computed
using a combination of calorimeter and tracking informa-
tion [34]. Large-R jets are required to have pT > 200 GeV,
jηj < 2.0, 50 GeV < mJ < 200 GeV, and an angular sep-
aration of ΔR > 1.0 from photon candidates. For the
baseline event selection, at least one large-R jet and one
photon are required to pass the selection described above.
The photon and large-R jet with the highest pT in an
event are combined to form a resonance candidate. The
invariant mass of the resonance candidate (mJγ) is used to
distinguish signal from background. In addition, the large-
R jet mass must be consistent with the Higgs boson mass
(mH¼125.80GeV), mH − Δm;D < mJ < mH þ Δm;U. The
parameters Δm;D and Δm;U are determined by maximizing
the search sensitivity ϵ=ð ffiffiffiBp þ 3=2Þ [35], where ϵ is the
resonance signal selection efficiency and B is the number of
background events, as estimated from MC samples,
within the resonance mass window, jmJγ − m̄Z0 j < 2σmZ0 .
Here m̄Z0 and σmZ0 are the peak position and the core
resolution of the reconstructed mJγ distribution of the Z0 →
Hγ signal MC events, respectively. The above procedure is
performed separately for each mZ0 hypothesis. The opti-
mized parametersΔm;D andΔm;U are then parameterized by
fourth-order polynomial functions of the large-R jet pT .
The optimized mass window of the large-R jets varies from
around [100,130] GeV at pT ¼ 0.5 TeV to [90,160] GeV
at pT ¼ 2 TeV.
To further reduce the background, a novel algorithm
[36–38] is applied to the large-R jet to identify the two b
quarks that originated from the Higgs boson. It uses the
kinematics of the jet constituents in the center-of-mass
(c.m.) frame of the large-R jet (jet rest frame), where the
final products of a two-body H → bb̄ decay can be easily
separated into a back-to-back topology. In this approach,
the topoclusters of the large-R jet and the tracks associated
with the jet are boosted to the large-R jet’s rest frame. In the
jet rest frame, the topoclusters of the large-R jet are
reclustered using the EEkT jet algorithm [39] to form
exactly two c.m. subjets, assumed to originate from the
Higgs boson decay. A track is considered to be associated
with a c.m. subjet if the opening angleΔθ between the track
and the c.m. subjet, calculated in the jet rest frame, satisfies
the requirement that 2 × ð1 − cosΔθÞ < 0.8. The c.m.
subjets and their associated tracks are then boosted back
to the laboratory frame and the standard ATLAS b-tagging
algorithm based on a multivariate technique, MV2c10
[40,41], is applied to each c.m. subjet to identify those
containing a b hadron (called c.m. b subjets). For this
analysis, the working point of the MV2c10 tagger output is
chosen to have an overall efficiency of 77%. This was
determined using simulated Randall-Sundrum graviton
[42] (G → HH, H → bb̄) events, in which the pT distri-
bution of the large-R jets that contain a Higgs boson is
reweighted to match the inclusive jet pT distribution
observed in data [43]. Compared to the previous method
used to identify H → bb̄ reconstructed as large-R jets, MC
studies [43] show that b-tagging based on c.m. subjets can
reject more background than the b tagging based on the
other subjet algorithm at a given signal identification
efficiency: by 20%–50% for large-R jets with pT ≤
1.5 TeV and up to a factor of 10 or more for large-R jets
with pT > 1.5 TeV. Among several tagging techniques
[43] developed to improve the identification of H → bb̄
with pT > 1 TeV, the c.m. algorithm typically rejects 20%
more background at a given signal efficiency.
Studies using MC simulated events show that the
correlation between the b-tagging efficiencies of two
c.m. b subjets is negligible, and thus the b-tagging
efficiency of each c.m. b subjet in a large-R jet can
be calibrated using boosted hadronic top-quark decays
t → Wb from tt̄ → WbWb̄ events where one W boson
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decays hadronically and the other decays leptonically. The
hadronic products of the boosted t → Wb decay are
reconstructed as a single large-R jet, in which exactly
two c.m. subjets are reconstructed in the jet rest frame: one
corresponding to the b quark, and the other corresponding
to the W boson. MC studies show that the b-tagging
performance is almost identical for c.m. b subjets in the
boosted hadronic top-quark decay events and H → bb̄
events. A standard combinatorial likelihood approach
[44] is applied to extract the c.m. b-subjet tagging effi-
ciency in order to calculate an MC-to-data scale factor,
defined as the ratio of the c.m. b-subjet tagging efficiencies
measured in data and simulated tt̄ events [45]. The scale
factor is found to be consistent with unity within its
uncertainty and has no significant dependence on the
kinematics of the c.m. subjet and the large-R jet. The
uncertainty of the scale factor is about 5%, dominated by
the systematic uncertainties such as the dependence of the
calibration scale factor on the choice of the tt̄ MC
generators, and the dependence of the MV2c10 [40,41]
b-tagging scale factors on the jet flavor.
The selected resonance candidates are retained for
further analysis if one or both of the c.m. subjets in the
large-R jet pass the b-tagging requirement, and are assigned
to the single- or double-b-tagged category, respectively.
Afterwards, optimizations of the selection requirements on
the photon pT (p
γ
T) and the large-R jet pT (p
J
T) are carried
out in sequence in order to further improve the search
sensitivity. The optimizations are performed separately for
the selected events in the single- and double-b-tagged
categories with the same procedure as used for the large-R
jet mass-window optimization described above. It yields
pγT > p
0
T þ a ×mJγ and pJT > 0.8 × ðp0T þ a ×mJγÞ,
where pT0 ¼ 12.0ð121.8Þ GeV and a ¼ 0.35ð0.22Þ for
the selected events with mJγ ≤ 2000ð1500Þ GeV in the
single-b-tagged (double-b-tagged) category. For events
with mJγ > 2000ð1500Þ GeV, the selection requirements
on the photon and the large-R jet pT are the same as those
for events withmJγ ¼ 2000ð1500Þ GeV. Depending on the
resonance mass, the final signal efficiency in the single- and
double-b-tagged categories varies between 10% and 20%.
The final discrimination between signal and background
is achieved by a simultaneous fit to the mJγ distributions of
the selected data events in the single- and double-b-tagged
categories. The signal probability density function (SPDF)
is modeled as a sum of a Crystal Ball function [46] and a
small Gaussian component that describes the tails produced
by poorly reconstructed resonance candidates. The SPDF
parameters extracted from MC simulated events are inter-
polated as polynomial functions of the resonance mass up
to the third order. Afterwards, the parameters of the SPDF
at a given resonance mass are fixed to the values
determined using the parameterization. The background
probability density function (BPDF) is modeled as







p ¼ 13 TeV is the center-of-mass energy, and the three
dimensionless shape parameters p1, p2, and p3 are allowed
to float in the fit. The choice of the BPDF is motivated and
validated by using control data samples containing
events that satisfy all the signal selection criteria in either
the single- or double-b-tagged category, except for the
b-tagging and large-R jet mass requirements. The selected
large-R jet candidates in the control data samples are
required to have masses lying in sidebands, whose width
varies from 10 GeV to 30 GeV, separated from the
Higgs boson signal band by 5 GeV, and to have both of
the c.m. subjets failing the b-tagging requirement at the
85%-efficiency working point. MC simulated events show
that the background mJγ distributions in the single- and
double-b-tagged categories are well described by the events
in the corresponding control sample.
The effect of systematic uncertainties from various
sources was studied. The uncertainty of the integrated
luminosity is 1.7% [48,49]. Uncertainties resulting from
detector effects only affect the calculation of the signal
selection efficiencies since the background is estimated
from the data. Those uncertainties include effects from the
energy and mass scales (2%–6.5%) of the large-R jets [50],
the large-R jet energy resolution (< 0.2%) and mass
resolution (18%–30%), the trigger efficiencies (< 0.1%),
the photon energy scale and resolution (< 2%) [28], the
photon reconstruction, identification and isolation efficien-
cies (< 0.1%) [8], the b-tagging efficiency of the c.m.
subjet (3%–15%), and the pileup modeling (< 0.5%) [51].
In principle, the detector modeling may also affect the
SPDF. However, such effects are found to be negligible.
The signal efficiency and acceptance are also affected by
theoretical uncertainties, such as the PDF choice and initial-
and final-state radiation modeling. These are also found to
be small (< 5% from the PDF, < 1% from parton shower-
ing, and < 1% from renormalization-factorization scale).
The above systematic uncertainties degrade the final limits
by 10% at 700 GeV, increasing to around 20% at 2.5 TeV
and back to 10% at 4 TeV. Another kind of uncertainty,
referred to as the spurious signal, arises from a potential
bias in the estimated number of signal events due to the
choice of background parameterization. It was estimated by
fitting the signal-plus-background model to control data
sample mJγ distributions with a control region to signal
region background-shape correction factor derived from
simulation. The absolute number of fitted signal events at a
given mZ0 hypothesis value is taken as the number of
spurious-signal events, which varies from a few events in
the low mass region to less than 0.1 events in the high mass
region, and is parameterized as an exponential function of
mZ0 . The signal from a hypothetical Z0 resonance is
extracted as σ × B, defined as its production cross-section
times the decay branching fraction BðZ0 → HγÞ, by
performing an unbinned extended maximum-likelihood
fit to the mJγ distributions of the selected events in the
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double- and single-b-tagged categories. The predicted SM
value of the H → bb̄ decay branching ratio, 0.582 0.007
[52], is used to calculate the upper limit on σ × B from
σ × BðZ0 → HγÞ × BðH → bb̄Þ. The fitting range for the
double-b-tagged category is from 0.6 TeV to 4.2 TeV, while
for the single-b-tagged category it is from 1.4 TeV to
4.2 TeV because of poor sensitivity in the low mass region.
Systematic uncertainties are taken into account as nuisance
parameters with Gaussian sampling distributions [5]. The
lowest local (global) p value is 0.005 (0.412) at 775 GeV,
corresponding to a local (global) significance of 2.6σ
(0.22σ). No significant signal-like excess is observed
and the data are found to be described very well by a
background-only fit, as shown in Figs. 1(a) and 1(b).
Hypothetical signal distributions for mZ0 ¼ 2 TeV and
mZ0 ¼ 3 TeV with arbitrary normalizations are also plotted
in Figs. 1(a) and 1(b) for illustration purposes. Combined
upper limits on the signal σ × B at the 95% confidence level
are derived using a modified frequentist method [53,54],
with toy MC experiment, taking into account both the
statistical and systematic uncertainties. The result as a
function of the resonance mass is shown in Fig. 1(c). The
better sensitivity and larger integrated luminosity
(139 fb−1) of this search lowers the expected upper limits
of this search as compared to that of the previous ATLAS
search (139 fb−1) [5]. The ratio of the current expected
upper limits to that of the previous result is about 1=3
(1=15) for resonances with masses below 1.2 TeV (above
2.5 TeV). A similar comparison with that of the previous
CMS search (139 fb−1) [6], where a multivariable approach
based on a boosted decision tree was used to identify
H → bb̄ decays, finds a ratio that varies between 2=5 and
1=3 for masses below 2.5 TeV.
In conclusion, this Letter reports on a search for the
production of new heavy resonances decaying into a Higgs
boson and a photon, using 139 fb−1 of
ffiffi
s
p ¼ 13 TeV pp
collision data collected by the ATLAS detector at the LHC.
The analysis is performed by reconstructing the hadronic
decay of the Higgs boson as a single large-radius jet,
targeting the H → bb̄ mode. A novel algorithm using
information about the jet constituents in the center-of-mass
frame of the jet is implemented to identify the two b quarks
in the jet and enhances the sensitivity of the search. No
significant excess of events is observed above the expected
background. Upper limits are set on the production cross-
section times branching fraction for resonance decays into a
Higgs boson and a photon in the resonance mass range
from 0.7 to 4 TeV, which is significantly wider than in the
previous ATLAS and CMS searches.
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FIG. 1. (a),(b) Distribution of the reconstructed mJγ in the single- and double-b-tagged categories, with the background-only fits
shown by the solid lines. The corresponding chi-square probabilities of the fits are 46% and 23%, after rebinning requiring at least five
events in each bin. Hypothetical signal distributions for mZ0 ¼ 2 TeV and mZ0 ¼ 3 TeV with arbitrary normalizations are plotted for
illustration purposes. The bottom panel gives the significance (deviation/statistical uncertainty) for each bin, calculated using the
recommendation of Ref. [55]. The impact on the background fit from the statistical uncertainties of BPDF parameters is shown as a light
band around the solid line. This effect is incorporated into the significance calculation. (c) Observed and expected 95% confidence-level
limits on σ × B as a function of mZ0 .
PHYSICAL REVIEW LETTERS 125, 251802 (2020)
251802-4
Sweden; SERI, SNSF and Cantons of Bern and Geneva,
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC,
United Kingdom; DOE and NSF, USA. In addition,
individual groups and members have received support
from BCKDF, CANARIE, Compute Canada, CRC and
IVADO, Canada; Beijing Municipal Science & Technology
Commission, China; COST, ERC, ERDF, Horizon 2020
and Marie Skłodowska-Curie Actions, European Union;
Investissements d’Avenir Labex, Investissements d’Avenir
Idex and ANR, France; DFG and AvH Foundation,
Germany; Herakleitos, Thales and Aristeia programmes
co-financed by EU-ESF and the Greek NSRF, Greece;
BSF-NSF and GIF, Israel; La Caixa Banking Foundation,
CERCA Programme Generalitat de Catalunya and
PROMETEO and GenT Programmes Generalitat
Valenciana, Spain; Göran Gustafssons Stiftelse, Sweden;
The Royal Society and Leverhulme Trust, United
Kingdom. The crucial computing support from all
WLCG partners is acknowledged gratefully, in particular
from CERN, the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC
(Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities
worldwide and large non-WLCG resource providers. Major
contributors of computing resources are listed in Ref. [56].
[1] E. Eichten and K. Lane, Low-scale technicolor at the
Tevatron and LHC, Phys. Lett. B 669, 235 (2008).
[2] N. Arkani-Hamed, A. G. Cohen, and H. Georgi, Electro-
weak symmetry breaking from dimensional deconstruction,
Phys. Lett. B 513, 232 (2001).
[3] I. Low, J. Lykken, and G. Shaughnessy, Singlet scalars as
Higgs boson imposters at the Large Hadron Collider, Phys.
Rev. D 84, 035027 (2011).
[4] B. A. Dobrescu, P. J. Fox, and J. Kearney, Higgs-photon
resonances, Eur. Phys. J. C 77, 704 (2017).
[5] ATLAS Collaboration, Search for heavy resonances
decaying to a photon and a hadronically decaying
Z=W=H boson in pp collisions at
ffiffi
s
p ¼ 13 TeV with
the ATLAS detector, Phys. Rev. D 98, 032015 (2018).




p ¼ 13 TeV, Phys. Rev. Lett.
122, 081804 (2019).
[7] ATLAS Collaboration, Performance of electron and photon
triggers in ATLAS during LHC Run 2, Eur. Phys. J. C 80, 47
(2020).
[8] ATLAS Collaboration, Measurement of the photon identi-
fication efficiencies with the ATLAS detector using LHC
Run-1 data, Eur. Phys. J. C 76, 666 (2016).
[9] ATLAS Collaboration, The ATLAS Experiment at the
CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).
[10] B. Abbott et al., Production and integration of the ATLAS
Insertable B-Layer, J. Instrum. 13, T05008 (2018).
[11] ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point in the center of the
detector and the z axis along the beam pipe. The x axis
points to the center of the LHC ring, and the y axis points
upward. Cylindrical coordinates ðr;ϕÞ are used in the
transverse plane, ϕ being the azimuthal angle around the
z axis. The pseudorapidity is defined in terms of the polar
angle θ as η ¼ − ln tanðθ=2Þ. The distance between





Transverse momentum is defined by pT ¼ p sin θ.
[12] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.
[13] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).
[14] R. D. Ball et al., Parton distributions with LHC data,
Nucl. Phys. B867, 244 (2013).
[15] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data,
CERN Report No. ATL-PHYS-PUB-2014-021, 2014,
https://cds.cern.ch/record/1966419.
[16] E. Bothmann et al., Event generation with Sherpa 2.2,
SciPost Phys. 7, 034 (2019).
[17] T. Gleisberg and S. Höche, Comix, a new matrix element
generator, J. High Energy Phys. 12 (2008) 039.
[18] F. Cascioli, P. Maierhofer, and S. Pozzorini, Scattering
Amplitudes with Open Loops, Phys. Rev. Lett. 108, 111601
(2012).
[19] S. Schumann and F. Krauss, A parton shower algorithm
based on Catani-Seymour dipole factorisation, J. High
Energy Phys. 03 (2008) 038.
[20] S. Höche, F. Krauss, S. Schumann, and F. Siegert, QCD
matrix elements and truncated showers, J. High Energy
Phys. 05 (2009) 053.
[21] R. D. Ball et al., Parton distributions for the LHC run II,
J. High Energy Phys. 04 (2015) 040.
[22] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J.
Pumplin, and C.-P. Yuan, New parton distributions for
collider physics, Phys. Rev. D 82, 074024 (2010).
[23] J. Pumplin, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J.
Pumplin, and C. P. Yuan, New Generation of Parton Dis-
tributions with Uncertainties from Global QCD Analysis, J.
High Energy Phys. 07 (2002) 012.
[24] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).
[25] S. Agostinelli et al., Geant4—a simulation toolkit,
Nucl. Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).
[26] ATLAS Collaboration, The ATLAS Simulation Infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).
[27] ATLAS Collaboration, Photon identification in 2015
ATLAS data, CERN Report No. ATL-PHYS-PUB-2016-
014, 2016, https://cds.cern.ch/record/2203125.
[28] ATLAS Collaboration, Electron and photon energy calibra-
tion with the ATLAS detector using data collected in 2015 atffiffi
s
p ¼ 13 TeV, CERN Report No. ATL-PHYS-PUB-2016-
015, 2016, https://cds.cern.ch/record/2203514.
[29] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.
PHYSICAL REVIEW LETTERS 125, 251802 (2020)
251802-5
[30] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).
[31] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).
[32] D. Krohn, J. Thaler, and L.-T. Wang, Jet trimming, J. High
Energy Phys. 02 (2010) 084.
[33] S. Catani, Y. L. Dokshitzer, M. H. Seymour, and B. R.
Webber, Longitudinally-invariant k⊥-clustering algorithms
for hadron-hadron collisions, Nucl. Phys. B406, 187 (1993).
[34] ATLAS Collaboration, Jet mass reconstruction with the ATLAS
Detector in early Run 2 data, CERN Report No. ATLAS-
CONF-2016-035, 2016, https://cds.cern.ch/record/2200211.
[35] G. Punzi, Sensitivity of searches for new signals and its
optimization, eConf C030908, MODT002 (2003).
[36] C. Chen, Identification of a bottom quark-antiquark pair in a
single jet with high transverse momentum and its applica-
tion, Phys. Rev. D 92, 093010 (2015).
[37] C. Chen, New approach to identifying boosted hadronically
decaying particles using jet substructure in its center-of-
mass frame, Phys. Rev. D 85, 034007 (2012).
[38] ATLAS Collaboration, Measurement of the cross-section of
high transverse momentum vector bosons reconstructed as
single jets and studies of jet substructure in pp collisions atffiffi
s
p ¼ 7 TeV with the ATLAS detector, New J. Phys. 16,
113013 (2014).
[39] S. Catani, Y. L. Dokshitzer, M. Olsson, G. Turnock, and B. R.
Webber, New clustering algorithm for multijet cross sections
in eþe− annihilation, Phys. Lett. B 269, 432 (1991).
[40] ATLAS Collaboration, Performance of b-jet identification in
the ATLAS experiment, J. Instrum. 11, P04008 (2016).
[41] ATLAS Collaboration, Optimisation of the ATLAS b-
tagging performance for the 2016 LHC Run, CERN Report
No. ATL-PHYS-PUB-2016-012, 2016, https://cds.cern.ch/
record/2160731.
[42] L. Randall and R. Sundrum, Large Mass Hierarchy from a
Small Extra Dimension, Phys. Rev. Lett. 83, 3370 (1999).
[43] ATLAS Collaboration, Variable Radius, Exclusive-kT , and
Center-of-Mass Subjet Reconstruction for Higgsð→ bb̄Þ
Tagging in ATLAS, CERN Report No. ATL-PHYS-PUB-
2017-010, 2017, https://cds.cern.ch/record/2268678.
[44] ATLAS Collaboration, Calibration of b-tagging using di-
leptonic top pair events in a combinatorial likelihood
approach with the ATLAS experiment, CERN Report
No. ATLAS-CONF-2014-004, 2014, https://cds.cern.ch/
record/1664335.
[45] ATLAS Collaboration, Simulation of top-quark production
for the ATLAS experiment at
ffiffi
s
p ¼ 13 TeV, CERN Report
No. ATL-PHYS-PUB-2016-004, 2016, https://cds.cern.ch/
record/2120417.
[46] M. Oreglia, A study of the reactions ψ 0 → γγψ , Ph.D. thesis,
Stanford University, SLAC Report No. SLAC-R-236, 1980.
[47] R. M. Harris and K. Kousouris, Searches for dijet reso-
nances at hadron colliders, Int. J. Mod. Phys. A 26, 5005
(2011).




p ¼ 8 TeV using the ATLAS detector at
the LHC, Eur. Phys. J. C 76, 653 (2016).
[49] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).
[50] ATLAS Collaboration, In-situ measurements of the ATLAS
large-radius jet response in 13 TeV pp collisions, CERN
Report No. ATLAS-CONF-2017-063, 2017, https://cds
.cern.ch/record/2275655.
[51] ATLAS Collaboration, Measurement of the Inelastic Pro-
ton-Proton Cross Section at
ffiffi
s
p ¼ 13 TeV with the ATLAS
Detector at the LHC, Phys. Rev. Lett. 117, 182002 (2016).
[52] D. de Florian et al.,Handbook of LHC Higgs cross sections:
4. Deciphering the nature of the Higgs sector (CERN,
Geneva, 2017), Vol. 2.
[53] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).
[54] A. L. Read, Presentation of search results: the CLs tech-
nique, J. Phys. G 28, 2693 (2002).
[55] G. Choudalakis and D. Casadei, Plotting the differences
between data and expectation, Eur. Phys. J. Plus 127, 25
(2012).
[56] ATLAS Collaboration, ATLAS Computing Acknowledge-
ments, CERN Report No. ATL-SOFT-PUB-2020-001,
https://cds.cern.ch/record/2717821.
G. Aad,102 B. Abbott,128 D. C. Abbott,103 A. Abed Abud,36 K. Abeling,53 D. K. Abhayasinghe,94 S. H. Abidi,167
O. S. AbouZeid,40 N. L. Abraham,156 H. Abramowicz,161 H. Abreu,160 Y. Abulaiti,6 B. S. Acharya,67a,67b,o B. Achkar,53
L. Adam,100 C. Adam Bourdarios,5 L. Adamczyk,84a L. Adamek,167 J. Adelman,121 M. Adersberger,114 A. Adiguzel,12c
S. Adorni,54 T. Adye,143 A. A. Affolder,145 Y. Afik,160 C. Agapopoulou,65 M. N. Agaras,38 A. Aggarwal,119
C. Agheorghiesei,27c J. A. Aguilar-Saavedra,139f,139a,ee A. Ahmad,36 F. Ahmadov,80 W. S. Ahmed,104 X. Ai,18 G. Aielli,74a,74b
S. Akatsuka,86 M. Akbiyik,100 T. P. A. Åkesson,97 E. Akilli,54 A. V. Akimov,111 K. Al Khoury,65 G. L. Alberghi,23b,23a
J. Albert,176 M. J. Alconada Verzini,161 S. Alderweireldt,36 M. Aleksa,36 I. N. Aleksandrov,80 C. Alexa,27b T. Alexopoulos,10
A. Alfonsi,120 F. Alfonsi,23b,23a M. Alhroob,128 B. Ali,141 S. Ali,158 M. Aliev,166 G. Alimonti,69a C. Allaire,36
B. M.M. Allbrooke,156 B.W. Allen,131 P. P. Allport,21 A. Aloisio,70a,70b F. Alonso,89 C. Alpigiani,148
E. Alunno Camelia,74a,74b M. Alvarez Estevez,99 M. G. Alviggi,70a,70b Y. Amaral Coutinho,81b A. Ambler,104 L. Ambroz,134
C. Amelung,26 D. Amidei,106 S. P. Amor Dos Santos,139a S. Amoroso,46 C. S. Amrouche,54 F. An,79 C. Anastopoulos,149
N. Andari,144 T. Andeen,11 J. K. Anders,20 S. Y. Andrean,45a,45b A. Andreazza,69a,69b V. Andrei,61a C. R. Anelli,176
PHYSICAL REVIEW LETTERS 125, 251802 (2020)
251802-6
S. Angelidakis,9 A. Angerami,39 A. V. Anisenkov,122b,122a A. Annovi,72a C. Antel,54 M. T. Anthony,149 E. Antipov,129
M. Antonelli,51 D. J. A. Antrim,171 F. Anulli,73a M. Aoki,82 J. A. Aparisi Pozo,174 M. A. Aparo,156 L. Aperio Bella,46
N. Aranzabal,36 V. Araujo Ferraz,81a R. Araujo Pereira,81b C. Arcangeletti,51 A. T. H. Arce,49 F. A. Arduh,89 J-F. Arguin,110
S. Argyropoulos,52 J.-H. Arling,46 A. J. Armbruster,36 A. Armstrong,171 O. Arnaez,167 H. Arnold,120
Z. P. Arrubarrena Tame,114 G. Artoni,134 H. Asada,117 K. Asai,126 S. Asai,163 T. Asawatavonvanich,165 N. Asbah,59
E. M. Asimakopoulou,172 L. Asquith,156 J. Assahsah,35d K. Assamagan,29 R. Astalos,28a R. J. Atkin,33a M. Atkinson,173
N. B. Atlay,19 H. Atmani,65 K. Augsten,141 V. A. Austrup,182 G. Avolio,36 M. K. Ayoub,15a G. Azuelos,110,mm
H. Bachacou,144 K. Bachas,162 M. Backes,134 F. Backman,45a,45b P. Bagnaia,73a,73b M. Bahmani,85 H. Bahrasemani,152
A. J. Bailey,174 V. R. Bailey,173 J. T. Baines,143 C. Bakalis,10 O. K. Baker,183 P. J. Bakker,120 E. Bakos,16 D. Bakshi Gupta,8
S. Balaji,157 R. Balasubramanian,120 E. M. Baldin,122b,122a P. Balek,180 F. Balli,144 W. K. Balunas,134 J. Balz,100 E. Banas,85
M. Bandieramonte,138 A. Bandyopadhyay,24 Sw. Banerjee,181,j L. Barak,161 W.M. Barbe,38 E. L. Barberio,105
D. Barberis,55b,55a M. Barbero,102 G. Barbour,95 T. Barillari,115 M-S. Barisits,36 J. Barkeloo,131 T. Barklow,153 R. Barnea,160
B. M. Barnett,143 R. M. Barnett,18 Z. Barnovska-Blenessy,60a A. Baroncelli,60a G. Barone,29 A. J. Barr,134
L. Barranco Navarro,45a,45b F. Barreiro,99 J. Barreiro Guimarães da Costa,15a U. Barron,161 S. Barsov,137 F. Bartels,61a
R. Bartoldus,153 G. Bartolini,102 A. E. Barton,90 P. Bartos,28a A. Basalaev,46 A. Basan,100 A. Bassalat,65,jj M. J. Basso,167
R. L. Bates,57 S. Batlamous,35e J. R. Batley,32 B. Batool,151 M. Battaglia,145 M. Bauce,73a,73b F. Bauer,144 P. Bauer,24
H. S. Bawa,31 A. Bayirli,12c J. B. Beacham,49 T. Beau,135 P. H. Beauchemin,170 F. Becherer,52 P. Bechtle,24 H. C. Beck,53
H. P. Beck,20,q K. Becker,178 C. Becot,46 A. Beddall,12d A. J. Beddall,12a V. A. Bednyakov,80 M. Bedognetti,120 C. P. Bee,155
T. A. Beermann,182 M. Begalli,81b M. Begel,29 A. Behera,155 J. K. Behr,46 F. Beisiegel,24 M. Belfkir,5 A. S. Bell,95
G. Bella,161 L. Bellagamba,23b A. Bellerive,34 P. Bellos,9 K. Beloborodov,122b,122a K. Belotskiy,112 N. L. Belyaev,112
D. Benchekroun,35a N. Benekos,10 Y. Benhammou,161 D. P. Benjamin,6 M. Benoit,29 J. R. Bensinger,26 S. Bentvelsen,120
L. Beresford,134 M. Beretta,51 D. Berge,19 E. Bergeaas Kuutmann,172 N. Berger,5 B. Bergmann,141 L. J. Bergsten,26
J. Beringer,18 S. Berlendis,7 G. Bernardi,135 C. Bernius,153 F. U. Bernlochner,24 T. Berry,94 P. Berta,100 A. Berthold,48
I. A. Bertram,90 O. Bessidskaia Bylund,182 N. Besson,144 A. Bethani,101 S. Bethke,115 A. Betti,42 A. J. Bevan,93 J. Beyer,115
D. S. Bhattacharya,177 P. Bhattarai,26 V. S. Bhopatkar,6 R. Bi,138 R. M. Bianchi,138 O. Biebel,114 D. Biedermann,19
R. Bielski,36 K. Bierwagen,100 N. V. Biesuz,72a,72b M. Biglietti,75a T. R. V. Billoud,141 M. Bindi,53 A. Bingul,12d C. Bini,73a,73b
S. Biondi,23b,23a C. J. Birch-sykes,101 M. Birman,180 T. Bisanz,36 J. P. Biswal,3 D. Biswas,181,j A. Bitadze,101 C. Bittrich,48
K. Bjørke,133 T. Blazek,28a I. Bloch,46 C. Blocker,26 A. Blue,57 U. Blumenschein,93 G. J. Bobbink,120
V. S. Bobrovnikov,122b,122a S. S. Bocchetta,97 D. Bogavac,14 A. G. Bogdanchikov,122b,122a C. Bohm,45a V. Boisvert,94
P. Bokan,172,53 T. Bold,84a A. E. Bolz,61b M. Bomben,135 M. Bona,93 J. S. Bonilla,131 M. Boonekamp,144 C. D. Booth,94
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H. Herde,26 Y. Hernández Jiménez,33e H. Herr,100 M. G. Herrmann,114 T. Herrmann,48 G. Herten,52 R. Hertenberger,114
L. Hervas,36 T. C. Herwig,136 G. G. Hesketh,95 N. P. Hessey,168a H. Hibi,83 S. Higashino,82 E. Higón-Rodriguez,174
K. Hildebrand,37 J. C. Hill,32 K. K. Hill,29 K. H. Hiller,46 S. J. Hillier,21 M. Hils,48 I. Hinchliffe,18 F. Hinterkeuser,24
M. Hirose,132 S. Hirose,169 D. Hirschbuehl,182 B. Hiti,92 O. Hladik,140 J. Hobbs,155 N. Hod,180 M. C. Hodgkinson,149
A. Hoecker,36 D. Hohn,52 D. Hohov,65 T. Holm,24 T. R. Holmes,37 M. Holzbock,115 L. B. A. H. Hommels,32 T. M. Hong,138
J. C. Honig,52 A. Hönle,115 B. H. Hooberman,173 W. H. Hopkins,6 Y. Horii,117 P. Horn,48 L. A. Horyn,37 S. Hou,158
A. Hoummada,35a J. Howarth,57 J. Hoya,89 M. Hrabovsky,130 J. Hrdinka,77 J. Hrivnac,65 A. Hrynevich,109 T. Hryn’ova,5
P. J. Hsu,64 S.-C. Hsu,148 Q. Hu,29 S. Hu,60c Y. F. Hu,15a,15d,oo D. P. Huang,95 X. Huang,15c Y. Huang,60a Y. Huang,15a
PHYSICAL REVIEW LETTERS 125, 251802 (2020)
251802-9
Z. Hubacek,141 F. Hubaut,102 M. Huebner,24 F. Huegging,24 T. B. Huffman,134 M. Huhtinen,36 R. Hulsken,58
R. F. H. Hunter,34 P. Huo,155 N. Huseynov,80,dd J. Huston,107 J. Huth,59 R. Hyneman,153 S. Hyrych,28a G. Iacobucci,54
G. Iakovidis,29 I. Ibragimov,151 L. Iconomidou-Fayard,65 P. Iengo,36 R. Ignazzi,40 O. Igonkina,120,a,z R. Iguchi,163
T. Iizawa,54 Y. Ikegami,82 M. Ikeno,82 N. Ilic,119,167,cc F. Iltzsche,48 H. Imam,35a G. Introzzi,71a,71b M. Iodice,75a
K. Iordanidou,168a V. Ippolito,73a,73b M. F. Isacson,172 M. Ishino,163 W. Islam,129 C. Issever,19,46 S. Istin,160
J. M. Iturbe Ponce,63a R. Iuppa,76a,76b A. Ivina,180 J. M. Izen,43 V. Izzo,70a P. Jacka,140 P. Jackson,1 R. M. Jacobs,46
B. P. Jaeger,152 V. Jain,2 G. Jäkel,182 K. B. Jakobi,100 K. Jakobs,52 T. Jakoubek,180 J. Jamieson,57 K.W. Janas,84a R. Jansky,54
M. Janus,53 P. A. Janus,84a G. Jarlskog,97 A. E. Jaspan,91 N. Javadov,80,dd T. Javůrek,36 M. Javurkova,103 F. Jeanneau,144
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PHYSICAL REVIEW LETTERS 125, 251802 (2020)
251802-16
71aINFN Sezione di Pavia, Italy
71bDipartimento di Fisica, Università di Pavia, Pavia, Italy
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